The majority of polymers possesses low thermal conductivity and behaves as electrical insulators. In this work, the thermal conductivity of polypropylene (PP) 
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Journal of Plastics Technology 12 (2016) 6 467 thermal conductivity is large. Former studies reported different types of fillers such as inorganic oxides like silica, aluminum oxide, beryllium oxide, zinc oxide, barium titanium oxide, nitrides like boron nitride, aluminum nitride, as well as carbides [3] , to mention just a few. Besides, metal powders like copper and nickel [6, 8, 9] , carbon based fillers such as graphite, carbon nanotubes [10] [11] [12] [13] , synthetic diamonds [14] and graphene [15] are reported to enhance thermal conductivity and heat conduction. These fillers have the major drawback that they impart electrical conductivity into the system. The electrical insulation properties are often significantly reduced or eliminated in particular in case of higher filler concentrations what is reflected in higher permittivities.
Consequently, the search for fillers increasing the thermal conductivity without affecting the inherent electrical insulation properties is very intensive and also addressed in the present study. Huang et al. [3] discussed in an extensive study possible fillers under the aspect of (di)electric properties. Alumina, aluminum nitride (AlN) and silicon carbide (SiC) [16, 17] possess high thermal conductivity, but result in undesired high dielectric permittivity. Silica (SiO2), in contrast, shows low permittivity but composites with SiO2 reach only low thermal conductivity values [18] . Boron nitride (BN) with high thermal conductivity combined with low permittivity seems to be a promising choice for attaining materials with high thermal conductivity as well as good electrical insulating properties. Therefore, it was also employed in this study.
The use of BN for thermal conductive thermoplastic materials and particularly for PP has been reported in the literature [14, [19] [20] [21] [22] [23] [24] . With low filler contents of 4 vol.-% only a minor increase of the thermal conductivity up to 0.27 W/mK was achieved [14] . More significant increases to thermal conductivity values higher than 1 W/mK can be achieved with higher BN loadings of e.g. 30 vol.-% [22, 23] or 40 wt.-% (approx. 20 vol.-%) [21] . As reported in [20] , 30 wt.-% (approx. 15 vol.-%) is however not always sufficient to raise the thermal conductivity above 1 W/mK. So far, there is no conclusive study in which the thermal conductivity of polypropylene composites filled with boron nitride dependent on filler size and matrix viscosity over a very wide concentration range (from 0 to 50 vol.-%) is systematically investigated.
Since the principle of thermal conductivity is phonon transport and the heat transfer through the polymer matrix itself has a rather minor effect, the contact points between the filler particles are beneficial for an effective conductivity increase. Therefore, higher filler contents transfer energy more efficient through the composite due to the larger contact area.
Different, but partially contradictory, opinions about the influence of particle sizes are discussed in the literature. Some publications report that smaller particles are more favorable for achieving a high thermal conductivity at the same filler amount [6, 14, 18, 21, 25, 26] . Nurul et al. [14] showed that in terms of particle geometry a higher effectiveness can be expected with a higher surface-to-volume ratio, i.e. smaller particles are expected to have more significant effects. Muratov et al. [21] achieved thermal conductivities of 0.35 W/mK with micron-sized BN (5 µm) and 0.63 W/mK when using nanosized BN (140 nm) at a filler content of 4 wt.-%. Liang et al. [27] achieved higher thermal conductivities for PP composites with larger particles of Al(OH)3 and Mg(OH)2. Studies by Cheewawuttipong et al. [20, 24] showed for PP/BN composites that not the smallest (2 µm) but larger sized particles (10 µm) contributed more to the increase of thermal conductivity, which was assigned to better distribution. Furthermore, in [24] it is stated that at higher BN contents the density of the packing especially for larger particles (10 µm) led to an improved network structure, and due to the better particle connection these composites had a higher thermal conductivity. At a BN content of 21 vol.-% thermal conductivities of approximately 0.5 and 1.4 W/mK were achieved with BN particles of 2 µm and 10 µm, respectively.
Since these contributions did not give an unambiguous answer to the question whether smaller or larger BN particles are more effective to raise thermal conductivity, a major goal of this work was to study different particle sizes of BN in single filler, bimodal and hybrid systems.
In the literature, for further enhancement of thermal conductivity, the use of bimodal systems (one filler type with two different sizes and size distributions) [28] [29] [30] [31] , as well as hybrid systems (two or more different filler types with their special size and size distributions) [19, 29] were investigated. According to Hong et al. [29] , in an epoxy composite with bimodal distributed AlN or BN filler the smaller particles fill the gaps between larger ones and a higher package density is reached. The same effect could be expected for two (or more) fillers with different aspect ratios such as platelet shaped BN and spherical shaped TiO2 as investigated in this study. Tuncer at al. [32] demonstrated that TiO2 raised the electrical breakdown strength and improved the overall properties of epoxy composites. Also, Andritsch et al. [33] noted the increase of breakdown strength by adding BN fillers to an epoxy matrix.
The main processing method for PP is melt processing by extrusion and injection molding. In order to retain the processability of PP after filling with BN, the melt viscosity should not be increased too much. It is generally expected that BN contents needed to enhance thermal conductivity reduce the melt processability substantially. Highly filled PP/BN composites have been studied extensively [20] [21] [22] [23] , however, in these works the rheological behavior of the melts and processability were not investigated sufficiently. Moreover, Nurul et al. [19] showed that high filler contents resulted in reduced mechanical properties of the composites, particularly indicated by a significant drop in the elongation at break. Additionally, the processing and sample preparation must be considered. Alig et al. [34, 35] showed that the processing and thereby the shear prehistory influences the (electrical) conductivity of composites. Though, with the addition of thermal conductive fillers, processing conditions as described by Ng et al. [36] and Kovacs et al. [37] heavily influence dispersion, orientation and degradation of the filler. Furthermore, both studies showed that the thermal conductivity also depends on the sample shaping method. It was shown, that thermal conductivity is higher for compression molded samples than for those prepared with injection molding. This is attributed to a more random distribution and orientation of the filler particles in the matrix when the sample is compression molded. In contrast, injection molding of filled melts leads to skin-core effects (higher filler concentration in the core) and more pronounced orientation in melt flow direction, what is unfavorable for the formation of continuous conductive paths. In addition, the processing conditions influence the crystallinity. Bader et al. [38] found for a neat polymer (PA46) that the processing conditions in injection molding had no influence on the thermal conductivity, however using annealing it is possible to increase the thermal conductivity. This was attributed to a changed crystal structure (length of crystals). Moreover, Suplicz et al. [22] pointed out, that the crystallinity of especially highly filled polymers is significantly influenced by the thermal conductivity during injection molding. Even though the fillers act as nucleating agents highly filled composites can also show a decreased crystallinity what is attributed to the increased cooling rate enabled by the increased thermal conductivity.
To keep the influence of processing on the thermal conductivity constant, in this study all samples were intentional prepared in compression molding under constant conditions. Thus this study allows a comparison of very different compositions including different PP matrices, filler sizes, filler distributions and combinations over a large concentration range. Furthermore, the study focuses on properties which are finally relevant for processing (melt viscosity, thermal behavior) and for applications (thermal conductivity, electrical, dielectric and mechanical behavior). Through this systematic study, comprehensive information about the property profile of PP/BN composites with non-modified BN prepared and tested under comparable conditions is provided which goes beyond the state of literature. The obtained results for thermal conductivity and permittivity will be compared with values calculated by the two-phase model (thermal conductivity) according to Hatta et al. [39] and by the Looyenga model [40] for dielectric permittivity, respectively.
MATERIALS AND EXPERIMENTAL TESTING

Materials
Two types of commercial isotactic PP with different melt viscosity, HP 500V (PP I, melt flow index MFI: 120 g/10 min) and HP 501H (PP II, MFI 2.1 g/10 min) with density of 0.90 g/cm 3 were kindly supplied by LyondellBasell (The Netherlands). The fillers included two types of platelet-shaped boron nitride (BN) with a mean particle size of 45 µm (HeBoFill 501 from Henze BNP GmbH, Kempten, Germany) and 0.5 µm (SCP1 from ESK Ceramics GmbH, Kempten, Germany), as well as spherical titanium dioxide TiO2 with mean diameter size of 0.36 m (Kronos 2220 from Kronos Titan GmbH, Leverkusen, Germany). The density of BN is 2.25 g/cm 3 and that of TiO2 4.0 g/cm 3 . According to the manufacturers the thermal conductivities of the fillers are 300 W/mK (BN) and 12.6 W/mK (TiO2).
Composite preparation and shaping of test specimens
Composites with different filler contents were prepared either in small scale using a microcompounder (DSM 15 Microcompounder, Xplore, Geleen, The Netherlands) operated at 250 rpm at 190 °C for 5 minutes, or in laboratory extrusion scale using a twin screw extruder (Leistritz Micro27, Leistritz Extrusionstechnik GmbH, Nuremberg, Germany) with 200 rpm at 200 °C, where BN was added via a side-feeder. Figure 1 shows the used screw configuration of the twin screw extruder. Six series of samples were prepared as shown in Table 1 with filler contents varied between 0 and 50 vol.-%. Sample notations are also shown in Table 1 
Methods
Thermoanalytical methods -Thermogravimetry (TGA) and Differential Scanning Calorimetry (DSC)
The compression or injection molded composites were investigated by thermogravimetry using a TGA Q5000 (TA Instruments, New Castle, USA) in the range of 30 °C to 800 °C with a heating rate of 10 K/min.
For differential scanning calorimetry a DSC Q 1000 (TA Instruments, New Castle, USA) was used. Measurements were carried out within the temperature range of -80 °C to 250 °C with a scanning rate of 10 K/min in nitrogen atmosphere. The second heating run was used to determine the glass transition temperature Tg by the half step method and the melting temperature Tm. The crystallinity  was calculated from the melting enthalpy in the second heating run and corrected to the polymer content (ΔHm,corr to PP ) as relative value of ΔH/ΔH100% (with ΔH100% = 207 J/g [41] ).
Thermal conductivity measurements
Thermal conductivity measurements were performed using the laser flash method with a Netzsch LFA 447 Nanoflash (Netzsch Gerätebau GmbH, Selb, Germany) on melt pressed samples through the thickness of plates. Measurements were carried out at 25, 50 and 75 °C chamber temperature. Before measurement, the samples were sputtered with gold and covered on both sides with a graphite layer (Graphit 33, CRC Industries Deutschland GmbH, Iffezheim, Germany). A ceramic reference (Pyroceram) was used for calibration and the thermal conductivity was calculated using equations (1) and (2). (1) where ( ) is the temperature-dependent thermal diffusivity, ( ) is the temperature-dependent specific heat capacity and and ( ) is the temperaturedependent density.
( ) can be determined during the measurement by comparison with the reference:
Eq. (2) where ∆ is the heat difference, mass and ∆ temperature difference.
Scanning Electron Microscopy (SEM)
The morphology of the composites was investigated with a SEM Gemini Ultraplus (Carl Zeiss GmbH, Jena, Germany) on cut surfaces of extruded strands. Only samples with filler contents up to 20 vol.-% could be cut with a diamond blade at a temperature of -185 °C using the microtome Leica EM UC6 (Leica Mikrosysteme GmbH, Wetzlar, Germany).
Melt rheology
The rheological investigations were carried out with an ARES viscometer (TA Instruments, New Castle, USA) in oscillation mode in the frequency range between 100 rad/s and 0.0631 rad/s at a strain of 10 % at 190 °C. The shear thinning exponent according to Eq. (3) can be used to describe the melt viscosity decrease in the structural viscous region [42] :
where is the apparent viscosity, the product specific pre-exponential factor, ̇ the shear rate and the shear thinning coefficient. Here, n is determined from the slope in the double logarithmic -̇ diagram at low shear rates.
Dielectric relaxation spectroscopy (DRS)
DRS measurements were carried out by a broadband spectrometer Alpha Analyzer (Novocontrol GmbH, Hundsangen, Germany) in the range from 10 -1 to 10 6 Hz at a voltage of 1 V at varying temperatures (0 °C to 120 °C) under nitrogen atmosphere. The compression molded samples were sputtered with gold electrodes (diameter 12 mm) on both sides before measurement. A detailed description of the method is given in [43] .
Electrical breakdown strength
The electrical breakdown strength was measured on injection molded samples of the dimension 45 x 45 x 2 mm 3 by means of a DTA 100C (BAUR, Sulz, Austria) with linear increased voltage until breakdown, at a rate of 2kV/s, and calculated according to Eq. (4):
Eq. (4) where E is the electrical breakdown strength, U is the voltage at breakdown and d is the thickness of the sample.
Mechanical Testing
The tensile tests were performed according to DIN EN ISO 527-2 by means of a Zwick USM Z 2. 
Filler content
The actual filler content was determined by TGA based on the fact that the PP matrix is completely decomposed at 800 °C under nitrogen without any residue [44] . Thus, the residue amounts found in the composite samples can be attributed to the inorganic filler contents. 
Melt processing behavior
The melt processing behavior is one of the key parameters for the industrial applicability of a new PP material. As it is well-known that fillers enhance the melt viscosity at a given temperature drastically, the intensity of this increase by adding thermal conductive fillers was studied in frequency sweeps. Figure 2 illustrates the complex melt viscosities I*I of selected composites of series 1 to 3 with PP I at 190 °C, whereas Figure 3 gives details for series 1 compared to PP II. According to Pötschke et al. [45] and Wagener et al. [46] such pronounced shear thinning behavior is a hint for the formation of a percolated filler network. The strong increase of the shear thinning exponents (i.e., the slope of the melt viscosity vs. frequency curve at very low shear rates) between 20 and 30 vol.-% BN as given in Table 2 clearly indicate the formation of a percolated BN network. 
Composite morphology
The rheological investigations indicate the generation of a filler network at loadings between 10 and 30 vol.-% filler. According to Bamji et al. [47] a reasonable dispersion without agglomerates is a necessary precondition to achieve an optimum in thermal conductivity. SEM examinations were performed in order to visualize the dispersion and distribution of the fillers. It has to be noted that it was difficult to obtain SEM images of composites with filler loadings larger than 20 vol.-% due to the fact that these samples could not be cut properly. Figure 3 shows exemplarily SEM images of composites with 20 vol.-% filler (cut of extruded strands perpendicular to the extrusion direction).
The BN (45 µm) platelets orient in processing direction in concentric circles (dotted circles give a guide for the eye in Figure 4a ) supported by the low matrix viscosity. Higher magnification (Figure 4b ) reveals that the BN platelets contact each other, which is the precondition for heat conduction. (Figure 4d ). TiO2 distributes within the PP matrix quite well, but again an interaction with the BN filler in the hybrid system could not be found (seen in Figure 4e for the hybrid composite 4-2 (10+10)). PP II with higher melt viscosity results in smaller BN thicknesses as compared to the hybrid system, as illustrated in Figure 4f and again a strong orientation of the platelets in extrusion direction is seen. The impact of these morphological features on the thermal conductivity will be outlined in the following.
Figure 4: SEM images of cut surfaces of extruded strands, PP composites with 20 vol.-% filler: a) PP I/BN (45 µm) with marked orientation of the BN platelets, b) PP I/BN (45 µm), higher magnification c) PP I/BN (0.5 µm), d) PP I/BN (45 µm/0.5 µm), e) PP I/BN (45 µm) / TiO2, f); PP II/BN (45 µm)
Crystallization behavior of the PP in the composites
The melting and crystallization behavior of the PP matrix in the composites was examined by DSC measurements. Figure 5 shows exemplarily the cooling curves of series 1 (PP I/BN (45 m)) and series 4 (PP I/TiO2) and reflects the influence of the fillers on the crystallization behavior.
Figure 5: DSC curves (cooling) of composite series 1 PP/BN (45 µm) (solid line) and series 4-2 PP/BN (45 µm)/(TiO2) (dashed line)
Both types of filler shift the onset of crystallization and the crystallization peak maximum to higher temperatures, which reflect a nucleating effect as expected for inorganic fillers [48] . Increasing filler contents enhance this effect, but it is more pronounced for BN compared to BN/TiO2 mixtures. Table 3 summarizes the typical DSC values of series 1 as an example for all the composites examined. It can be noticed that the Tm of all composites is higher than that of PP I whereby no significant differences can be seen depending on the filler content. According to Deng et al. [49] this is an indication for increasing size of the crystallites as concluded from a similar shift to higher melting temperatures for PP filled with multi-wall carbon nanotubes or carbon black. In [49] such shift was attributed to a changed PP crystallite structure preventing the crystallites from melting at lower temperatures. The total melt enthalpy H decreases with increasing BN content, as expected. Normalized with respect to the PP content ∆Hm,corr to PP gives values increasing with filler content (except sample 1-20), i.e. the crystallinity  increases. The shift of Tg from -11 °C for pure PP to -18 °C for the PP in the composites indicates that the flexibility of the remaining amorphous phase seems to be higher [50] .
According to Bader et al. [38] an increased crystallinity i.e. a more perfect crystal structure can support the phonon transport leading to a higher thermal conductivity. This is attributed to the lesser number of lattice defects that act as scattering points. Based on the DSC results in these highly filled PP composites the influence of the crystal structure seems to be comparably marginal. 
Thermal conductivity of the composites
The thermal conductivity was measured on melt pressed samples under comparable conditions. The obtained thermal conductivities of the composites were compared with calculated values based on the model of Hatta and Taya [39] . This model was developed to predict the thermal conductivity  of a twophase system. Here, the influence of crystallization on the thermal conductivity is not taken into account, which was shown in our case to be negligible. Using the equations 5 to 7 the model was applied exemplarily for composites filled with 45 µm BN.
where ϕ is the volume fraction of the filler and S is a filler shape dependent coefficient. The subscripts m, f and c denote matrix, filler, and composite, respectively. BN particles are considered as flakes. Hence, the coefficient S is dependent on the direction of the thermal conduction and defined by equations 6 (out-of-plane) and 7 (in-plane).
Eq. 7
In here β is the ratio of thickness to the diameter (also called aspect ratio) of the BN flake, which is assumed to be a disk. As input in the model data sheet values for BN (45 µm), namely a diameter of 45 m and a thickness of 5 m, and a thermal conductivity of 300 W/mK were used. As m ( of PP I) the value 0.26 W/mK was used. Figure 6 shows the thermal conductivities of the composites of series 1 to 5. Here, the thermal conductivity is plotted against the actual filler content determined from TGA measurements given in wt.-%. Additionally, theoretical predictions of the thermal conductivity c for both in and out-of-plane direction of the filler orientation according to the model of Hatta/Taya were done for the composites of series 1 (dashed lines in Figure 6 ). The model clearly shows the dependence of the thermal conductivity on the filler orientation. Significant lower thermal conductivities are calculated if the thermal conduction is perpendicular to the orientation of the platelets (out-of-plane). With increasing filler content the differences in thermal conductivity are more pronounced. At 50 vol.-% the calculated thermal conductivity is 0.58 W/mK out-of-plane and 3.24 W/mK inplane.
Figure 6: Thermal conductivity of PP composites with different PP matrices, fillers as function of the actual filler contents. Dashed lines show the thermal conductivity predicted by the model of Hatta/Taya for polypropylene filled with BN (45 µm). The inset SEM image shows the cross section of a compression-molded sample of PP I with 20 vol.-% BN (45µm).
The experimental data for series 1 (45 µm BN) matches well with the in-plane calculation of the Hatta/Taya model. But, the inset SEM image of Figure 6 showing a cross section of a compression-molded specimen for thermal conductivity measurements (PP I with 20 vol.-% 45 µm BN) reveals that the actual measurements were performed perpendicular to the filler (out-of-plane). During the sample preparation the platelets preferentially oriented parallel to the pressing plates. In literature deviations between calculated and experimental values are commonly attributed to material changes due to physical and chemical interactions of filler and matrix [39] . This seems not reasonable here, since the interactions of a non-treated inorganic filler and a polymeric matrix should be presumably negligible. It seems more likely that next to filler orientation aspects and the mean filler size also the particle shape-and size distributions, which are not reflected in the calculation, should be taken in to account.
As expected, the thermal conductivity of all composites increases significantly with filler content, but to different extent. For neat PP a thermal conductivity of 0.26 W/mK was measured which corresponds to the literature value [6] .
When comparing the measured thermal conductivity of all series, the addition of The comparison between the series shows that larger BN particles are clearly more effective to increase the thermal conductivity than smaller BN particles. Bimodal fillers (a mixture of the two) in series 3 do not give a synergistic effect but reflect additive behavior. The same is the case for hybrid fillers consisting of BN (45 m) and TiO2 in series 4-2. TiO2 leads to a less distinct increase of the thermal conductivity as compared to BN (0.5 m) owing to the lower value of neat TiO2. The explanation for the higher effectiveness of the larger particles is that the main mechanism of heat transfer in the composite is phonon transport. Larger contact areas and continuous paths of the filler in the matrix support this mechanism. Since phonons are known to scatter at surfaces and interfaces, as well as point defects larger particles are more effective than smaller ones. Clearly, the larger particles of the BN (45 µm) provided larger contact areas as already demonstrated by the SEM images. Moreover, the larger BN particles appeared to be oriented while the smaller BN particles did not align in a specific direction and tended to form agglomerates without homogeneous distribution. Bimodal fillers (series 3) did not further enhance thermal conductivity. In contrast, the values achieved were lower than the ones of series 1. The differences between the composites are most remarkable at the highest targeted filler content of 50 vol.-% (corresponding to filler contents as high as 70 wt.-%). The expected synergistic effect in the bimodal and hybrid systems was not observed which is mainly due to the fact that smaller particles disperse randomly in the matrix and did not fill the gaps between the bigger ones as it could be concluded from Figure 4e . These results differ from expectations in literature [29. Thus, a higher packing density of the fillers in the matrix able to contribute to higher thermal conductivity was not found.
Also the PP matrix type influences the results. Muratov et al. [21] stated in their investigations on PP composites with BN amounts of 30 -50 vol.-% that the polymer viscosity itself has no influence on the thermal conductivity of the composites. We could show that the melt viscosity at least has an indirect influence, as it influences the state of filler dispersion, reflected in thermal conductivity. At low filler contents, the high melt viscosity of PP II prevents good particle distribution (seen in Figure 4f ) and the resulting thermal conductivity of 0.53 W/mK at 31.9 wt.-% (corresponding to 20 vol.-%) loading is comparably lower. Only at a very high BN content of 72.6 wt.-% (corresponding to 50 vol.-%), the influence of the matrix is weak and a similar thermal conductivity of 3.55 W/mK was measured.
The thermal conductivities were not dependent on the measuring temperature: values obtained at 50 and 75 °C sample temperature are comparable to those measured at 25 °C (not illustrated here).
Electrical properties
The behavior of the materials in electric fields is very important for applications as insulating parts in electrical devices [3] . Typically, a low permittivity is desired in electronic applications. For example the standard material for printed circuit boards FR4 (flame resistant composite of woven fiberglass with epoxy resin binder) has a relative permittivity of approx. 4.2 to 5 [51] . Dielectric relaxation spectroscopy was employed to determine the dielectric permittivity of the composites. In addition, the dielectric permittivity of the composites [52] was calculated using the models of Looyenga [40] or Lichtenecker [53] , with Eqs. (8) and (9), respectively.
where ε' is the permittivity and φ is the volume fraction. The index m stands for the matrix and f for the filler, in this case BN. For neat PP the measured permittivity of 4.11 and for BN the permittivity given by the supplier of 3.90 were used in the calculations. With these values both models deliver the same calculated permittivities for the composites. The results of computation and the ones measured experimentally at 1 Hz for the composites containing BN (45 µm) are compared in Table 4 . The deviations between calculated and measured permittivities, which increase with raising filler content, are assumed to be caused by formation of local fields. This is due to the fact that BN has a slightly higher electrical conductivity than the matrix and therefore gets polarized in the applied field [52] . The frequency dependent dielectric permittivity values for selected composites with a filler content of 30 vol.-% are presented in Figure 7 . The presence of the filler enhances the permittivity to values of around 5 (BN) and even more with TiO2 (11 at 0.1 Hz). For the composites with BN it is noticed that the permittivity is constant over a broad frequency range, while the composites containing TiO2 showed a larger increase of permittivity especially at lower frequencies. The dielectric losses were affected by the filler only to a minor extent. Also the loss tangent tan δ did not change significantly and the values remained low in the composites (0.0007 -0.008).
Another important result of the DRS measurements was that neither PP nor the composites showed significant DC conductivity. The AC conductivity (Figure 8 ) was calculated from the measured dielectric loss by means of Eq. (10) [54] .
The frequency curves did not show a plateau at low frequencies indicating frequency-independent conductivity [43] . From this result it can be derived that the composites still behave as insulators similar to PP with DC conductivity values σ lower than 10 -15 S/cm. A significant influence of the temperature could not be seen in measurements at higher temperatures up to 120 °C. 
Mechanical Properties
The mechanical properties of the composites (injection molded samples) were analyzed by tensile and impact tests. Figure 9 displays the stress-strain curves obtained in tensile tests of series 1 PP/BN (45 m). The E-modulus increases with filler content as expected for polymers with inorganic fillers. In contrast, elongation at break is significantly reduced as the BN network reduces the ability of the PP chains to undergo the deformation mechanism consistently observed for semicrystalline polymers. This is also supported by the weak adhesion between the PP matrix and the filler observed in SEM micrographs resulting in poor stress transfer during straining. 
CONCLUSION
Melt mixed composites of polypropylene and thermal conductive fillers, in this study BN and TiO2, were studied with regard to properties which are of importance for their production and application. The general aim was to develop conductive materials with a balanced overall property profile by varying especially filler size and composition. Next to the main property of thermal conductivity also the composite's melt viscosity as indication for processability as well as the thermal, mechanical and (di)electrical behaviors were examined.
All the investigated fillers (BN with 45 and 0.5 m, mixtures of both and hybrids of large size BN and titanium dioxide) were able to increase the thermal conductivity of PP to values above 1 W/mK, a value that was set as a minimum preliminary target value. To achieve this value, a minimum filler content of 20 vol.-% was required. BN with particle size of 45 µm was most effective in increasing thermal conductivity. The maximum of thermal conductivity was 3.7 W/mK achieved with 50 vol.-% BN (45 µm). The model of Hatta and Taya was applied to composites filled with BN (45 µm). Even though it was shown, that the direction of thermal conduction in the compression-molded samples is out-of-plane to the filler orientation, the measured values agree better with the model for in-plane arrangement of the fillers. It is assumed that this is a consequence of the simplicity of the model that is not taking into account nonperfect alignment/orientation as well as filler shape and size distributions.
Even at high filler loadings of 20 to 30 vol.-% an acceptable processability by melt compounding using a Leistritz-ZSE 27 extruder and lab-scale injection molding was possible.
BN and TiO2 fillers induce nucleating effects, which is more pronounced for BN and with increasing filler concentrations. Furthermore, the crystallinity was slightly increased with increasing filler content and crystallization started already at higher temperatures what seems to be promising regarding the possibility to reduce cycle times e.g. in injection molding.
The electrical properties of insulating PP were not affected by BN addition, as reflected by the only very gentle increase in permittivity values. Even the highest filled composites showed permittivity values as low as for FR4 material what makes the composites interesting for electrical applications. The measured values were in good agreement to those calculated by the models of Looyenga and Lichtenecker. The deviations were attributed to the formation of local fields.
In addition, electrical breakdown strength increased slightly, illustrating the excellent electrical insulation behavior.
The mechanical behavior, as measured in tensile and impact tests, was significantly influenced by the filler addition. A reduction of elongation at break and Charpy impact strength was observed already at low filler contents, whereas tensile strength was similar to that of pure PP.
Potentially, the composites can be used in advanced applications in electrical engineering and electronics, where a high thermal conductivity combined with electrical insulation properties is needed. Depending on additional requirements of melt viscosity (coming from processing needs) and mechanical properties (coming from needs in application and use), highly filled composites with large BN sizes are most favorable for high thermal conductivity combined with excellent electrical insulation behavior.
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